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1 | INTRODUCTION

The pioneering report, Toxicity Testing in the 21st Cen-
tury: A Vision and a Strategy (NRC, 2007), catalyzed the
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Abstract

Background: The dynamics and complexities of in utero fetal development
create significant challenges in transitioning from lab animal-centric develop-
mental toxicity testing methods to assessment strategies based on new
approach methodologies (NAMs). Nevertheless, considerable progress is being
made, stimulated by increased research investments and scientific advances,
such as induced pluripotent stem cell-derived models. To help identify devel-
opmental toxicity NAMs for toxicity screening and potential funding through
the American Chemistry Council's Long-Range Research Initiative, a system-
atic literature review was conducted to better understand the current land-
scape of developmental toxicity NAMs.

Methods: Scoping review tools were used to systematically survey the litera-
ture (2010-2021; ~18,000 references identified), results and metadata were
then extracted, and a user-friendly interactive dashboard was created.

Results: The data visualization dashboard, developed using Tableau® software,
is provided as a free, open-access web tool. This dashboard enables straightfor-
ward interactive queries and visualizations to identify trends and to distinguish
and understand areas or NAMs where research has been most, or least focused.
Conclusions: Herein, we describe the approach and methods used, summa-
rize the benefits and challenges of applying the systematic-review techniques,
and highlight the types of questions and answers for which the dashboard can
be used to explore the many different facets of developmental toxicity NAMs.
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transformation of chemical hazard identification from a
large observational scientific discipline focused on apical
adverse effects to a predictive pathway approach based
on knowledge of biological processes, computational and
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bioinformatics methodologies, mechanisms and modes of
action (MOAs), key events and key event relationships,
and dosimetry. In the years since the publication of the
National Academies of Science's report, a number of
global initiatives have made considerable progress in
developing and applying new approach methodologies
(NAMs) (i.e., more human-relevant in vitro and in silico
methods) that reduce, refine, or replace traditional
in vivo lab animal toxicity testing for evaluating the
safety and potential risks of chemicals and chemical
products (EU-ToxRisk, 2022; Horizon, 2020;
LabsExplorer, 2020; OECD, 2022b; SEURAT-1, 2022;
Thomas et al.,, 2019; USEPA, 2022). These in vitro, in
silico, and biological pathway predictive methods are col-
lectively referred to as NAMs. NAMs are broadly defined
as “any non-animal technology, methodology, approach,
or combination thereof that can be used to provide infor-
mation on chemical hazard and risk assessment”
(ICCVAM, 2018).

While some may consider NAMs as aspirational, they
can no longer be considered only as an optional
approach. In Europe, a full ban on animal testing for cos-
metics has been in place since March 11, 2013
(EC, 2013a, 2013b). In addition, the chemical safety pro-
visions incorporated into the U.S. Toxic Substances Con-
trol Act of 2016 have far-reaching impacts. This law now
requires companies and the U.S. Environmental Protec-
tion Agency (EPA), when evaluating toxicity and risks, to
use reasonably available existing information, computa-
tional toxicology, and bioinformatics, high-throughput
screening methods, and prediction models, the grouping
of chemicals into categories, and scientifically valid test
methods, including tiered testing and other strategies that
reduce or replace the use of vertebrate animals while pro-
viding information of equivalent or better scientific qual-
ity. In 2019, the EPA Administrator issued a directive
(USEPA, 2019) to reduce animal testing and mandated
the creation of a work plan focused on actions to acceler-
ate the development, validation, and use of NAMs. Subse-
quently, EPA issued its first NAMs Work Plan in June
2020 (USEPA, 2020) and an updated NAMs Work Plan in
December 2021 (USEPA, 2021b). The objectives of the
EPA 2021 NAMs Work Plan, which covers all vertebrate
animals, include (a) evaluation of regulatory flexibility
for use of NAMs, (b) development of baselines and met-
rics for assessing progress, (c) developing procedures
including integrating in vitro assay and toxicokinetic data
as read-across to establish scientific confidence in NAMs
and demonstrate the application to regulatory decisions,
(d) development of NAMs that fill critical information
gaps, and (e) engagement with stakeholders.

For NAMs to be relied upon to support regulatory
and product stewardship decisions requires a priori

establishment of sufficient scientific confidence in each
method or the integration or combination of methods for
different regulatory purposes ranging from prioritizing
chemicals or mixtures for further evaluation to hazard
prediction using structure-activity relationship (SAR)-
based read-across when there are developmental and
reproductive toxicity (DART) data gaps (Blackburn
et al., 2015; Lester, Reis, Laufersweiler, Wu, &
Blackburn, 2018; Wu et al., 2013) and ultimately, risk
assessment (EC, 2020; Parish et al., 2020; Patlewicz,
Simon, Rowlands, Budinsky, & Becker, 2015; Thomas
et al., 2019). In June 2020, EPA released its NAMs Work
Plan, which focused on meeting its goals to reduce ani-
mal testing while “ensuring that the Agency's regulatory,
compliance, and enforcement activities, including chemi-
cal and pesticide approvals and Agency research, remain
fully protective of human health and the environment”
(USEPA, 2020). EPA wupdated this work plan in
December 2021 (USEPA, 2021a).

Significant limitations remain in developing and
applying NAMs, many of which are particularly challeng-
ing. These include, but are not limited to, an inadequate
or partial understanding of biological pathways, dose-
response and tipping points, incomplete coverage of bio-
logical targets and pathways, differences in compound
distribution and metabolism compared to in vivo animal
models, and relatively simplified assays for inferring inte-
grated physiological responses and chemical compatibil-
ity (e.g., nonvolatiles, specific solvents) (see
e.g., Becker, 2019; Thomas et al., 2019). While progress is
being made in overcoming many of the technical limita-
tions through advancements in technologies, the greater
the complexity of the toxicological endpoints NAMs are
required to emulate, the greater the challenges.

Historically, the potential for agents to impact mamma-
lian embryo development and maturation has typically
been evaluated using in vivo lab animal models, with stan-
dardized testing protocols (OECD, 2022a; USEPA, 2021a)
that require large numbers of animals. These tests typically
evaluate and measure apical effects to evaluate dose
responses to characterize and quantify the magnitude and
types of adverse effects in offspring exposed in utero. Over
the years, many alternative methodologies have been devel-
oped to replace either whole or parts of these in vivo devel-
opmental toxicity tests or examine MOAs. However, the
complexities and dynamism of embryogenesis and histo-
genesis in utero make efforts to cover the entirety of devel-
opmental endpoints exceedingly difficult. In many respects,
achieving scientific confidence in developmental toxicity
NAMs as a replacement for in vivo testing for the applica-
tion in regulatory programs and product stewardship repre-
sents one of the grand challenges for the regulatory
toxicology community. The idea of one-to-one
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replacement—replacing an in vivo lab animal developmen-
tal toxicity study with a single NAM—has largely been
abandoned due to the recognition that such complex biol-
ogy cannot be emulated with a single assay. Therefore,
attention is increasingly being focused on designing an
integrated approach to developmental toxicity testing and
assessment using a set of specific NAMs, in a tiered
approach, to screen across the breadth of biological space
and biological pathways inherent in embryogenesis and
histogenesis (Dent et al., 2018). The European Chemicals
Agency (ECHA) read-across assessment framework is cur-
rently an approved regulatory approach to support DART
data needs (ECHA, 2017); other read-across tools applicable
to DART, such as the Organisation for Economic Co-
operation and Development (OECD) Toolbox and AMBIT,
are described by Patlewicz, Helman, Pradeep, and Shah
(2017). Read-across that involves cheminformatics and
transcriptomics also provides information about putative
MOAs, which will be important in understanding whether
any of the proposed alternatives are fit-for-purpose (Harrill
et al., 2021; Lowe & Williams, 2021; VanderMolen
et al., 2020).

The dynamics and complexities of in utero fetal devel-
opment create significant challenges in transitioning
from lab animal-centric developmental toxicity testing
methods to assessment strategies based on NAMs.
Despite these challenges, considerable progress is being
made (Wu et al., 2013). A decision tree for determining
whether a chemical has structural features likely to pro-
duce developmental or reproductive toxicity provides a
pragmatic approach for prioritization and evaluation.
Actualizing the knowledge of key events and key event
relationships in Adverse Outcome Pathways (AOPs) into
integrated approaches for testing and assessment also
holds great promise. However, as discussed by Rajagopal
et al. (2022), implementing testing strategies for every
AOP to predict developmental toxicity adverse effect out-
comes is not necessarily practical or feasible. Conse-
quently, Rajagopal et al. (2022) proposed using a suite of
in vitro assays to generate biological activity data aligned
with known DART biomarkers to generate points of
departure and integrate the results with exposure infor-
mation to derive screening-level safety assessments based
on margins of exposure. Efforts are also progressing to
ensure that in vitro NAMs provide sufficient coverage of
the biological processes and mechanistic pathways
involved in DART in comparison to intact animals. For
example, Janowska-Sejda, Adeleye, and Currie (2022)
described a method to underpin integrated approaches to
testing and assessment based on an analysis of candidate
DART genes and their molecular initiating events, which
in turn can inform the selection of cell systems that can
best cover these biological pathways.
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An additional challenge for commodity and consumer
chemicals is that these chemicals are typically designed
and used for performance characteristics, not for efficacy
in interacting with defined biological pathway targets,
unlike pesticides and pharmaceuticals intentionally
designed to act via specific mechanisms within biological
organisms. Consequently, commodity and consumer che-
micals that are not inherently reactive typically require
in vivo testing at much higher doses than pharmaceuti-
cals and pesticides to elicit adverse effects. At such rela-
tively high doses, systemic toxicity is elicited, potentially
as a consequence of overwhelming homeostatic path-
ways. Thus, in biological pathway-driven integrated
approaches for developmental toxicity testing, sorting out
mechanism-specific responses from high-dose nonspecific
responses is needed. Additionally, as virtually all sub-
stances can elicit responses under circumstances in which
the concentrations in vitro are sufficiently high, criteria
in developmental toxicity NAMs must be established for
designating a chemical as a true negative. In the in vivo,
developmental toxicity test guideline (OECD, 2022a), a
limit test of 1,000 mg/kg body weight/day by oral admin-
istration can be used. Furthermore, if an in vivo develop-
mental toxicity dose-response study is conducted, the
results should “allow for the discrimination between
developmental effects occurring in the absence of general
toxicity and those which are only expressed at levels that
are also toxic to the maternal animal.”

Developmental toxicity NAMs were identified as an
area wherein the American Chemistry Council's (ACC)
Long-Range Research Initiative (LRI) could consider
devoting additional efforts to advance chemical safety
evaluation technologies. The ACC LRI has, over the
years, supported research to catalyze the advancement of
risk assessment methods, including toxicogenomics,
mode of action, —dose-response modeling, physiologi-
cally based pharmacokinetic (PBPK) modeling, in vitro to
in vivo extrapolation (IVIVE) tools, and computational
and in vitro NAMs. To help the LRI program better
understand the current status of the range and breadth of
developmental toxicity NAMs, we used scoping review
tools to gather information. We then organized the results
and metadata into a user-friendly dashboard, utilizing
Tableau® software, to enable straightforward interactive
queries and visualizations to identify trends and to distin-
guish and understand areas or NAMs where research has
been most, or least, focused. Herein, we describe the
approach and methods used, summarize the benefits and
challenges of applying the review techniques, and high-
light the types of questions and answers this approach
and the dashboard can help to identify and address. The
developmental NAM dashboard, a nonprofit tool, is freely
available for use by the scientific community.
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Driven by the ever-expanding need for evidence-
based research that does not use whole mammalian
models, the work presented in this paper utilizes a scop-
ing report, reference prioritization, and data visualization
techniques to develop a high-level overview of the extent
and range of NAMs to help inform regulatory decision-
making in regard to the toxicity of stressors on develop-
mental outcomes (DevTox).

2 | STRUCTURED APPROACH TO
SEARCH, SCREEN, SELECT,
CATEGORIZE, AND CATALOG
STUDY FINDINGS

2.1 | Step 1: Identifying the research
question and relevant studies

2.1.1 | 1la. General process used

There are countless ways to collect references and evalu-
ate scientific information relevant to identifying promis-
ing research areas to explore for advancing the
development and application of DevTox NAMs. A narra-
tive review by one or more subject matter experts was
considered one possibility. Instead, we elected to use a
predetermined structured method to search, screen,
select, categorize, and catalog study findings. The utiliza-
tion of scoping reports has increased in recent years due
to their ability to quickly identify and categorize high-
level available information on a topic. In their 2005
paper, Arksey and O'Malley (2005) outlined the back-
ground behind scoping reports and presented their defi-
nition of and steps to a scoping report. Furthermore,
Levac, Colquhoun, and O'Brien (2010) and Cacchione
(2016) expanded upon these methodologies, outlining
many additional reasons for conducting a scoping report
as well as methodological guidelines. In 2015, these
advances led the Joanna Briggs Institute to develop a
more advanced set of guidelines surrounding scoping
reports (Peters et al., 2015). This in turn led to the devel-
opment of the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses extension for scoping
reviews (PRISMA-ScR) checklist in 2018 (Tricco
et al.,, 2018). While the details vary between the guide-
lines presented by these various authors, we focused on

Step 1: Step 2: Step 3: Step 4:
Identifying
relevant

studies

Identifying the
research question

Study
selection

Charting
the data

the Arksey and O'Malley (2005) outline as it succinctly
describes the four major reasons why a scoping report
may be conducted, one of which includes identifying
research gaps, and lists the five steps involved in conduct-
ing a scoping report (Figure 1).

While the identification and prioritization of the neces-
sary references are critical to the development of the scop-
ing report, an equally important aspect is the dissemination
and exploration of the information contained within each
reference. A few papers in recent years have utilized some
visualization tools in health science scoping reports, such
as Chishtie et al. (2020), Goulart et al. (2021), and Jornod
et al. (2021), to visualize health outcome information.
While these tools are helpful, we chose to use other tools
that were more fit-for-purpose to project needs. Utilizing
litstream™, a screening and extraction software integrated
with DoCTER (https://www.icf-docter.com/; last accessed
December 17, 2021; https://www.icf.com/technology/
litstream; last accessed December 17, 2021), allowed for a
seamless transition between prioritization, screening, and
extraction steps, as well as transfer to a visualization soft-
ware, such as Tableau (Cawley et al., 2020; Varghese, Caw-
ley, & Hong, 2018). The general literature-identification
process used is outlined in Figure 2 and described in fur-
ther detail in the following sections. Figure 2 summarizes
the steps, activities, and tools used to implement Arksey
and O'Malley's steps 2 through 4.

2.1.2 | 1b. Search terms

To identify the literature relevant to DevTox NAMs, four
“categories” of search terms were developed (specific
terms in each category detailed in Table S1). Multiple lit-
erature searches were tested in PubMed to determine
what combination of search terms resulted in the most
useful set of references, with the results of these searches
outlined in Table S2.

« “DevTox”—Set of terms related to general health
effects and endpoints associated with Developmental
Toxicology

« “NAMs”—Set of terms that are associated with already
accepted NAMs

« “Models”—Set of terms associated with species and
other models used in Developmental Toxicology

Step 5:

Collating,
summarizing,
and reporting

the results.

FIGURE 1 Arksey and O'Malley's
five steps to a scoping report (Arksey &
O'Malley, 2005)
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FIGURE 2
identification process

Diagram of literature-

Develop
Search
Strategy

Deduplicate
References

Refine
Search
Strategy
(if needed)

« “Pathways”—Set of terms for specific pathways associ-
ated with developmental toxicology of known interest

After consideration, a strategy that required terms
from each of the four categories was selected as the most
likely to be inclusive of the most relevant studies while
maximizing the time and budget available.

2.2 | Steps 2 and 3: Study selection and
prioritization methods

Throughout the initial search and screening process,
decisions had to be made about what types of references
would be prioritized as most beneficial to the project's
goals. These decisions were made through group discus-
sions by subject matter experts and information special-
ists. The final strategy (Table 1) was implemented in
PubMed on November 12, 2020; a search update was per-
formed using the same strategy on August 15, 2021. No
date limits were applied to the final search strategy.

An iterative approach was utilized wherein project
team experts in DevIox NAMs were consulted during
each step to determine if the results were appropriate and
if NAMs were potentially useful for toxicity assessments
before moving to the next step. Prioritization was
reflected in the decisions made while selecting the search
strategy as well as during the clustering processes. Other
decisions are outlined in the sections below and were
made to utilize time and budgetary resources as effi-
ciently as possible while accurately identifying a repre-
sentative sample of studies as outlined in Steps 4 and
5. This iterative approach included discussions of general
search term sets as well as the development of specific
controlled vocabulary search terms. The terms used were
extensive but not exhaustive and likely did not cover the
full complexity of the developmental processes. Since the
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reference
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tag and
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Synthesize
information
in writing or
through
visualization

Utilize
automated
machine

learning to
prioritize
literature

Screen,
Extract,
Evaluate

Synthesize,

Prioritize > !
Visualize

purpose was to focus on the landscape of developmental
toxicity NAMs, the search strategy, by design, was tai-
lored to exclude basic research science, since such basic
research investigations generally focus on the discovery
and characterization of the fundamentals of developmen-
tal processes. Although such discovery science uses
assays to probe and evaluate developmental processes,
we were more interested in assays that more closely fit
the definition of NAMs—“a NAM is any technology,
methodology, approach, or combination thereof that can
be used to provide information on chemical hazard and
risk assessment that avoids the use of intact animals”
(USEPA, 2021b). During these and subsequent steps, this
definition of NAMs served as the touchstone for the sub-
ject matter experts and information specialists for dis-
cussing and  collectively  judging  relevancy,
appropriateness, and utility for toxicity assessments in
developing and refining the search and screening strat-
egy. Although such processes and procedures are inher-
ently subjective, the collective knowledge of the subject
matter experts was viewed as a necessary step. This
search strategy, coupled with the clustering technology
(see below) ensured broad coverage of the literature. For
example, for stem cells, the approach included consider-
ation of publications containing these terms identified in
the topic clustering results: stem, embryonic stem, stem
cells, embryonic, human, stem cell, es, human embry-
onic, mouse, derived, eSCS, es cells, pluripotency, hESCS,
pluripotent, HESc, mouse embryonic, and so forth (see
Table S2). Thus, even though specific test methods, such
as mouse embryonic stem cell assays (Brown, Jacobs, &
Fitzpatrick, 2012) were not used as specific search terms,
the inclusive search methodology would have captured
these at a high level. The details presented in sections 2a
through 3b apply to the 2020 initial search. Details for
the 2021 update are covered in the Annual Updates
section in the Supplemental materials.
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TABLE 1 Detailed literature search strategy®

Set Search strategy for PubMed

DevTox (((developmental[tiab] OR development[tiab] OR endpoints|tiab] OR endpoint|[tiab] OR endpoint determination/trends
[mh] OR neurodevelopmental[tiab] OR neurodevelopment[tiab] OR effects[tiab])) AND ((toxicity[tiab] OR toxicities[tiab]
OR toxicity[sh] OR toxicant[tiab] OR toxicants[tiab] OR neurotoxicity[tiab])) OR teratogenesisimh] OR teratogenesis
[tiab] OR teratogens[tiab] OR teratogenic[tiab] OR teratology[mh] OR teratology[tiab] OR teratologies[tiab] OR gravidity
[mh] OR pregnant[tiab] OR pregnancy[mh] OR pregnancy[tiab] OR gestation[tiab] OR parturition[mh] OR parturition
[tiab] OR birth defects[tiab] OR “congenital abnormalities”[mh] OR “congenital abnormalities”[tiab] OR morphology
[tiab] OR morphogenesisimh] OR morphogenesis[tiab] OR dysmorphology[tiab] OR dysmorphologies[tiab] OR
dysmorphogenesis[tiab] OR malformation[tiab] OR malformed[tiab] OR “cell differentiation”’[mh] OR “cell
differentiation”[tiab] OR fetus[mh] OR fetus[tiab] OR fetal[tiab] OR “embryonic structures”[mh] OR embryo[tiab] OR
embryonic[tiab] OR conceptus(tiab] OR organogenesis[mh] OR organogenesis[tiab] OR implantation[tiab] OR “embryo
implantation”[mh] OR “programmed cell death”[tiab] OR abortion[tiab] OR placenta[mh] OR placenta[tiab] OR “yolk
sac”’[mh] OR “yolk sac”[tiab] OR ectoderm[mh] OR ectoderm[tiab] OR mesoderm[mh] OR mesoderm[tiab] OR
endoderm[mh] OR endoderm[tiab] OR “neural crest”’[mh] OR “neural crest”[tiab] OR “neural plate”’[mh] OR “neural
plate”[tiab] OR notochord[mh] OR notochord[tiab] OR somites|[mh] OR somites[tiab] OR “neural tube”[mh] OR “neural
tube”[tiab] OR “limb buds”[mh] OR “limb buds”[tiab] OR “limb bud”[tiab] OR larval[tiab] AND develop*[tiab])

NAMs (assay[tiab] OR assays[tiab] OR “biological assay”[mh] OR pathway][tiab] OR alternative[tiab] OR “Models, Biological”’[mh]
OR model[tiab] OR approach[tiab] OR assay[tiab] OR “biological assay”’[mh] OR profile[tiab] OR predictive[tiab] OR
“high-throughput”[tiab] OR “high throughput”[tiab] OR “high content”[tiab] OR toxicokinetics[tiab] OR transcriptomics
[tiab] OR transcriptome[mh] OR HTS[tiab] OR HTTr[tiab] OR “High-Throughput Screening Assays”’[mh] OR “new
approach methodologies”[tiab] OR “new approach methods”[tiab] OR NAMs|[tiab] OR “Computational Biology/
trends”[mh] OR “Animal Testing Alternatives”[mh] OR “Animal Use Alternatives/methods”’[mh] OR “Animal Use
Alternatives/trends”[mh] OR “alternative approach”[tiab] OR genomic[tiab] OR genomics[tiab] OR “non-
mammalian”[tiab] OR “non-animal”’[tiab] OR “computational toxicology”[tiab] OR “Adverse outcome pathways”[mh]
OR “Adverse outcome pathway”’[tiab] OR “AOP networks”[tiab] OR biomarkers|mh] OR biomarkers|tiab] OR “in
vitro”[tiab] OR “in vitro techniques”[mh] OR “gene expression”[tiab] OR toxicogenomics[tiab] OR in silico[tiab] OR
“computer simulation”[mh])

Pathways (“wnt signaling pathway”[mh] OR “wnt signaling”[tiab] OR “beta catenin”[mh] OR “beta catenin”[tiab] OR JNK[tiab] OR
“transforming growth factor beta”[mh] OR “serine receptor”[supplementary concept] OR “protein-serine-threonine
kinases”[mh] OR “protein-serine-threonine kinases”[tiab] OR “receptors, transforming growth factor beta”’[mh] OR “tgf
beta”[tiab] OR “serine receptor’[tiab] OR “threonine kinase”[tiab] OR “forkhead box”[tiab] OR “Forkhead Transcription
Factors”[mh] OR “O transcription factors”[tiab] OR FOXO[tiab] OR hedgehog[tiab] OR hedgehogs[mh] OR hedgehogs
[tiab] OR “patched receptors”[mh] OR “patched receptors”[tiab] OR “patched receptor’[tiab] OR “receptor protein-
tyrosine kinases”[mh] OR “protein-tyrosine”[tiab] OR “receptor tyrosine kinase”[tiab] OR “monomeric gtp-binding
proteins”’[mh] OR “gtp-binding”[tiab] OR “small g protein”[tiab] OR RAS[tiab] OR Notch[tiab] OR “Notch-delta”[tiab]
OR “delta protein”[supplementary concept] OR “Janus Kinases”[mh] OR “JAK/STAT”[tiab] OR cytoplasm[mh] OR
“cytoplasmic tyrosine kinase”[tiab] OR “protein-tyrosine kinases”’[mh] OR “tyrosine kinase”[tiab] OR “nf-kappa b”’[mh]|
OR “nf-kappa b[tiab] OR interleukin-1[mh] OR interleukin-1[tiab] OR “toll-like receptors”[tiab] OR “toll-like
receptors”’[mh] OR “toll-like receptor”’[tiab] OR “receptors, cytoplasmic and nuclear’[mh] OR “nuclear hormone
receptor”’[tiab] OR apoptosis|mh] OR apoptosis[tiab] OR “cell death”[mh] OR “cell death™[tiab] OR “protein tyrosine
phosphatases”[mh] OR “protein tyrosine phosphatases”[tiab] OR “phosphotyrosine phosphatase”[tiab] OR RPTPs[tiab]
OR “guanylate cyclase”[tiab] OR “guanylate cyclase”[mh] OR “nitric oxide[tiab] OR “soluble guanylyl cyclase”[mh] OR
“guanylyl cyclase”[tiab] OR “G protein-coupled”[tiab] OR GPCR[tiab] OR “receptors, g protein coupled”’[mh] OR “gtp
binding”[tiab] OR “g protein”[tiab] OR integrins[mh] OR integrins[tiab] OR integrin[tiab] OR cadherins[tiab] OR
cadherins[mh] OR “gap junctions”[tiab] OR “gap junction”[tiab] OR “gap junctions”[mh] OR “ligand-gated”[tiab] OR
cations[mh] OR “cation channels”[tiab] OR “unfolded protein response”[tiab] OR UPR[tiab] OR “unfolded protein
response”[mh] OR “replication stress”[tiab] OR (“DNA damage”[tiab] AND (checkpoint[tiab] OR checkpoints[tiab] OR
stress[tiab])) OR “cell cycle checkpoints”[mh] OR “cell cycle checkpoints”[tiab] OR “DNA damage”’[mh] OR “DNA
replication”[mh] OR steminaf[tiab] OR signaling[tiab] OR receptor[tiab])

Model (zebrafish[tiab] OR zebrafish[mh] OR medaka[tiab] OR medakas[tiab] OR xenopus[mh] OR xenopus[tiab] OR
“caenorhabditis elegans”’[mh] OR “caenorhabditis elegans”[tiab] OR “C. elegans”[tiab] OR Drosophila[tiab] OR
Drosophilajmh] OR iPS[tiab] OR “pluripotent stem cells”[tiab] OR “pluripotent stem cells”[mh] OR micromass[tiab] OR
“human embryonic stem cells”[mh] OR “human embryonic stem cell”[tiab] OR “human embryonic stem cells”[tiab] OR
hESC][tiab])

Abbreviations: AOP, adverse outcome pathway; DevTox, developmental outcomes; hESC, human embryonic stem cells; NAMs, new approach methodologies.
*The search strategy was created through an iterative process with input from subject matter experts and information specialists; see text for details.
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ization (Conducted in DoCTER)

Initial (2020) Literature Search
The initial literature search Jucted in PubMed and

covered literature up to November 2020.

2021 Literature Update

The 2021 literature search was conducted in PubMed and
covered literature from November 2020 until mid-August

Targeted Author Search

- 15275 2020 Prioritization

DoCTER’s topic clustering identified references that
focused on mechanistic endpoints/expression for removal.
Subsequently, DoCTER’s supervised clustering prioritized
references most like the 25 expert-identified seed studies.

2021 Prioritization

DoCTER’s supervised clustering deprioritized these
references to be removed before screening.

- 706

—284 Endocrine-Only Exclusion

References that covered only endocrine developmental
endpoints were excluded as these NAMs are being
independently developed for these modes-of-action.

2,013 references to undergo screening

Included as Relevant

A reference is “relevant” if it covers a NAM and a DevTox
Endpoint

Does not have to be creating a new approach,

can just be utilizing, or improving.

The paper or abstract should be using a

methodology to measure a clinically or

yant endpoint.
ing a pathway or gene set i

“Dose

would be tagged to
the relevar 1 s a dose response or
on of a NAM with

2020: 299
2021: 41

2020: — 419
2021: - 12

Excluded as Supplemental

These are studies that still cover a DevTox outcome, but
either discuss the mechanisms (e.g.,
gene/pathway/transcription papers) or holistically evaluate an
organism (e.g., general developmental toxicity of zebrafish).
These were not extracted.

2020: — 1,140 Excluded as Not Relevant

2021: — 102

A reference is considered not relevant if it does not meet any
of the criteria of the other categories.

References from before 2010 were also excluded to prioritize
the most recent literature.

References that only measured endpoints through gene
expression were also excluded as these types of NAMs were
not of interest to the researchers.

340 references to undergo extraction

- 80 Additional Review & Refinement

Fxcluded additional references identified during extraction
as either being prior to 2010 or having only gene expression
measurements focused on discovery science to profile
pathway biology.

260 references to incorporate into the Tableau Dashboard

FIGURE 3 Scoping report process and results

2.2.1 | 2a. Topic extraction

Topic extraction is an automated technique to cluster
references based on words they have in common
within their titles and abstracts. These clusters of
terms were reviewed, and expert engagement was
used (see above) to prioritize those that had terms

most likely to be relevant to this effort. Some clusters
were therefore removed to reduce the number of
genomic studies and discovery research into gene
structure and function because applied methodologies
for NAMs useful in developmental toxicity assess-
ments were the desired topic. Topic extraction results
are included in Table S2.
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2.2.2 | 2b. Supervised clustering

Supervised clustering, an automated machine learning
technique, was implemented wherein 25 references were
identified that were confirmed to be relevant to this effort
(referred to as “seeds”). The clustering software identified
the studies most like those seeds, represented in an
“Ensemble Score,” which is a score (from 1 to 6) indicat-
ing how many of the six algorithms in DoCTER included
the reference as relevant (Cawley et al., 2020; Varghese
et al, 2018). For efficiency, only those references
included as relevant in four, five, or all six models were
moved to the title and abstract screening step.

2.2.3 | 3a. Title and abstract screening of
literature for relevancy

Title and abstract screening were conducted in litstream
prior to extracting information so that only relevant refer-
ences were extracted. Specific criteria were also used to
prioritize which references were relevant to this project
(Figure 3), keeping in mind the potential future applica-
tion to developmental toxicity screening. Four different
sets of criteria (or tags) were defined to bin the studies.
The final results of the title/abstract screening of the pri-
oritized publications can be found in Figure 3.

2.2.4 | 3b. Extraction of relevant literature
After the screening step was complete, descriptive infor-
mation was extracted from the titles and abstracts of the
relevant studies in litstream. This information was then
reviewed by experienced toxicologists, and standardized
terminology was used to allow for comparison across ref-
erences and was imported into a Tableau dashboard (dis-
cussed below).

2.3 | Steps 4 and 5: Charting the relevant
literature and results synthesis

Figure 3 summarizes the process used to identify and
extract the relevant references; the targeted author search
step was added as an extra step to ensure the full set of
research publications of these specific experts, who have
published in this area, was included. While it is recog-
nized that endocrine-active substances can also impact
development, because significant resources have been
devoted over the past 25 years to NAM development and
validation activities for estrogen, androgen, steroidogene-
sis, and thyroid pathways (USEPA, 2017, 2021c), and

endocrine NAMs are already being used in regulatory
programs (OECD, 2018), we considered this area of
developmental toxicity NAMs to already be well devel-
oped and elected to exclude references to NAMs for these
MOAs. Details on the 2021 literature update are located
in the Supplemental materials.

2.3.1 | 4a. Tableau dashboard

While traditional scoping reports may utilize a narrative
approach, the use of interactive Tableau dashboards can be
an efficient way to explore the extracted data that can be
readily updated. We created an interactive exploratory dash-
board (shown in Figure 4; online at https://public.tableau.
com/app/profile/acc.vizzes5590/viz/Developmental Toxicity
NAMsSRResults/Dashboard; last accessed July 8, 2022) so
users can easily access, explore, and analyze the DevTox
NAMs data. Once data were categorized, distinct counts of
studies examining various categories were visualized. Study
counts can be viewed in colored “heatmaps” using light-
color shading for smaller counts and darker shading for
larger counts. This shading makes it easy to spot where there
might be “hotspots” of data—categories with many studies
examining the variables (i.e., potentially better-vetted assays
for battery development); or “gaps”—categories with little
data or few studies available that may need to be addressed
to achieve an effective developmental toxicity screening bat-
tery. Visualizing the data in this way also facilitates easy
identification of iterative data cleanup needs during data
extraction by comparing data across references and making
differences more evident. The dashboard can be customized
with interactive filters for additional variables of interest to
allow further exploration of the available data resulting from
systematic categorization. Dashboards are also an excellent
way to present final systematic-review findings to larger
audiences.

Additionally, we created a second visualization to
support the main dashboard. The supplemental dash-
board provides an animation showing the changes that
occurred in this research area over time (online at
https://public.tableau.com/app/profile/acc.vizzes5590/
viz/Developmental ToxicityNAMsSRResults-Timeline/
Dashboard?2; last accessed July 8, 2022).

2.3.2 | 4b. Components of the DevTox NAMs
dashboard

The dashboard is a living resource and contains a Read
Me tab to help the user navigate the interactive features
and explore the data. Some of the key features are
described below.


https://public.tableau.com/app/profile/acc.vizzes5590/viz/DevelopmentalToxicityNAMsSRResults/Dashboard
https://public.tableau.com/app/profile/acc.vizzes5590/viz/DevelopmentalToxicityNAMsSRResults/Dashboard
https://public.tableau.com/app/profile/acc.vizzes5590/viz/DevelopmentalToxicityNAMsSRResults/Dashboard
https://public.tableau.com/app/profile/acc.vizzes5590/viz/DevelopmentalToxicityNAMsSRResults-Timeline/Dashboard2
https://public.tableau.com/app/profile/acc.vizzes5590/viz/DevelopmentalToxicityNAMsSRResults-Timeline/Dashboard2
https://public.tableau.com/app/profile/acc.vizzes5590/viz/DevelopmentalToxicityNAMsSRResults-Timeline/Dashboard2
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Click here to view an animated heatmap over time Have any comments, corrections, or want to submit your additional references for consideration? Click here

FIGURE 4 Tableau dashboard

Heatmap: The main heatmap at the top of the page
shows numbers of studies by endpoint parameters on the
y axis (expandable to multiple columns on the left) and
Species on the x axis (across the top). Numbers represent
distinct counts of studies, and shading indicates least-to-
most studies in a light-to-dark shaded pattern. A tooltip
shows details about examined and measured endpoints
activated by hovering over each colored block on the
map. With a click or a hover, the user can apply filters,
determine counts, and obtain pop-outs of reference
material.

References: The references shown in this dashboard
are listed in the bottom right of the dashboard by short
citation. Hovering over the arrow alongside each refer-
ence provides additional reference information as well as
clickable PubMed URLs.

Filters: A variety of filters are available at the bottom
left to filter the dashboard by several variables. Use the
drop-down checkbox filters to include or exclude various
values or click on a bar of the “year” bar chart or a row
of the “Endpoint Domain” or “Model” filters to filter as
well. Once the dashboard has been filtered to the desired
references, the information can be downloaded using the
download icon in the bottom right of the dashboard and
selecting “Data.”

Customization: The dashboard is customizable. The
user can choose the variables that are featured in the
main heatmap, in the filters (and which type of filter),

and in the tooltips, allowing a more thorough examina-
tion of a topic by eliminating confounding variables.

3 | DISCUSSION

The developmental toxicity NAMs research dashboard
enables interactive queries and visualizations that can be
used in a number of ways. For example, a query of the
trends in the development of different methods showed
the largest number and proportion (>60%) of research
publications over the 12-year period from 2010 to 2021
focused on zebrafish models. This is likely due, in part, to
the high genetic homology of the zebrafish with humans,
coupled with parallelism in organogenesis and functional
mechanisms in a complex organism; approximately 70%
of human genes have at least one zebrafish orthologue
(Howe et al., 2013). In addition, this could also be
because zebrafish embryo assays can be considered non-
mammalian NAMs, and, depending on the definition
used, as nonanimal models. The United States defines
zebrafish embryos as nonlive vertebrates until 72 hr post-
fertilization (NTH, 2020), and the European Union con-
siders them nonlive vertebrates up to 120 hr (Stréhle
et al., 2012). In terms of the species used to create NAMs
for developmental toxicity evaluation, over the 6-year
period of 2010-2015, the ratio of zebrafish publications to
human cell-based publications was approximately 5:1; for
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the subsequent period, the ratio changed to approxi-
mately 4:1. Human organotypic cellular models were
generally lacking in 2010, but over the ensuing 12-year
period, these have expanded considerably such that
human-based development toxicity cellular models now,
in 2022, encompass the cardiovascular, reproductive, der-
mal, hepatic, musculoskeletal, and neurological tissue
systems; with the largest number concentrated on neuro-
logical and cardiovascular systems.

It has become increasingly clear that the replacement
of a traditional in vivo toxicity model with a single alter-
native assay is unrealistic. Instead, efforts now typically
focus on the development of a tiered testing battery com-
posed of complementary, and at times, overlapping to a
degree, test systems (discussed in Scialli et al., 2018).
Embryonic development and histogenesis are complex
dynamic processes for which present knowledge is too
incomplete to permit full recapitulation by conceptual
and computational modeling. Given this state of knowl-
edge, the dashboard could help identify what a sufficient
test battery might encompass. For example in examining
the question of what organ systems/cell types would need
to be included to cover sufficient biological space, the
dashboard is useful in identifying the systems that cur-
rently have available assays. Aspirationally, with contin-
ued development and refinement, the dashboard may
assist in answering the question of what coverage of bio-
logical space would be sufficient to allow one to conclude
with confidence that a negative result in one or more
NAMs is a true negative. Furthermore, the dashboard
may be used to identify, for a given organ system or end-
point, a set of NAMs that could be explored to generate
comparative data on sensitivity, specificity, and potency
to establish sufficient similarity to support the use of one
assay over another, to support the use of assays inter-
changeably, or to select an optimal test set of assays. Sim-
ilarly, could assays be arrayed in a decision analytic
framework matrix to permit rapid segregation of sub-
stances that act via selective MOAs (e.g., receptor-
mediated MOAs) from those that act by high-dose
induced effects on homeostasis (e.g., systemic toxicity)
(Thomas et al., 2013; Thomas et al., 2019), to enable the
latter to be tested in a smaller set of NAMs that could be
confidently used to establish a “systemic toxicity” devel-
opmental toxicity point of departure for risk-based
decision-making?

The application of the developmental toxicity NAMs
dashboard will depend on the problem formulation and
available data. Some potential examples are outlined
below.

+ The zebrafish model has the highest number of cita-
tions across a broad range of endpoints. If establishing

a chemical screening program, the dashboard can be
used to identify relevant zebrafish studies for evaluat-
ing organ/tissue development as well as data gaps. An
extensive review may support the conclusion that zeb-
rafish provide a reasonably comprehensive approach
to examining development as zebrafish assays have
included endpoints evaluating most organ systems
(neurological, cardiovascular, systemic, development/
malformations, musculoskeletal, reproductive, hepatic,
dermal, renal, ocular, immune, and digestive. Note
that the respiratory system is represented by gill end-
points). These references also could be mined for infor-
mation on the domain of applicability and which
chemical classes remain to be examined for various
developmental endpoints in zebrafish.

« If a chemical is identified as a developmental toxicant
in an in vivo study (e.g., cardiac alterations), the dash-
board could be used to identify assays that evaluate a
similar target organ/system. Once potential assays are
identified, in vitro experimental work can confirm
whether the selected assay can detect specific develop-
mental toxicity (i.e., treatment-related cardiac toxicity)
at concentrations that do not cause cytotoxicity. If so,
the assay may be useful to screen analogues for similar
effects on development in an effort to develop chemi-
cals with a more favorable hazard profile.

« Similarly, the dashboard could be used to examine
research questions related to relative species sensitiv-
ity. If a substance affected neurodevelopmental
endpoint(s) in zebrafish, assays in mouse, rat, human,
drosophila, Xenopus, and C. elegans could be reviewed
for homologous endpoints to confirm specificity or
identify species differences in response. Notably, a pos-
itive control chemical would be critical to establish
sensitivity across assays for the endpoint of interest.
Alternatively, the dashboard can provide a list of
human assays that may have relevant endpoints if try-
ing to confirm human sensitivity for a specific assay
finding.

For researchers specializing in development of a spe-
cific organ/tissue, the dashboard could be used to locate
references by tissue/system to determine whether all criti-
cal phases of development for the selected organ/tissue
are covered by currently available assays (e.g., for neuro-
development, are their assays that cover neuronal prolifer-
ation, migration, differentiation, apoptosis, myelination,
etc., or are there gaps that may limit a neurodevelopmen-
tal assessment). This approach could identify gaps where
targeted assay development would be most valuable. Per-
forming a SAR-based read-across continues to be the key
methodology to support data needs by extrapolating data
from chemicals that have data (source chemical) to the
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chemical of interest (target chemical) that lacks data
(Alexander-White et al., 2022; Escher et al., 2019). Addi-
tional approaches of linking gene expression, AOP, and
computational approaches will eventually help reduce the
uncertainty in deriving safety thresholds, especially for
chemicals that have specific MOAs or a specific target (tis-
sue, receptor). IVIVE has become an important tool for
using NAMs-derived effects data in human health risk-
based prioritization and screening. However, there are
many challenges involved in conducting IVIVE from cell-
based assays/in vitro organotypic human models, and
detailed step-by-step IVIVE procedures for developmental
toxicity NAMs are currently lacking. Conceptually, these
IVIVE procedures will need to include methods to
account for differential partitioning and availability of
chemicals in in vitro toxicity assay systems to translate
nominal in vitro concentrations to site-of-action concen-
trations. They will also need to include methods to make
PBPK predictions during pregnancy in humans and in
laboratory animals as well as calculate internal doses at
target sites in the maternal and developing organisms.
The reason for including in vivo laboratory animal PBPK
models is to enable point of departure comparisons of
in vitro and in vivo empirical data sets, since empirical
human data are not available for the vast majority of sub-
stances. Initial IVIVE research in this area has recently
been communicated (Chang et al., 2021).

Although it is widely known that the zebrafish NAM
for developmental toxicity is one of, if not the most stud-
ied alternative methods, the data gathered in the current
study confirms the frequent use of this method. Using
the dashboard to focus specifically on the zebrafish stud-
ies shows that the model is capable of evaluating a
breadth of organ systems. This may be an important con-
sideration in designing NAMs-based developmental tox-
icity integrated approach to testing and technology which
covers a large range of organ systems. Although not dis-
cussed here in detail, we have begun to use the dash-
board to explore the types of chemicals that have been
evaluated in the zebrafish developmental toxicity NAM
models to better understand the domain of applicability
that has been empirically established to date. From the
perspective of our research program, we are interested in
better understanding the set of true known positives and
the set of truly known negatives (e.g., Jarque et al.
(2020)) that have been, or can be, used to establish the
sensitivity and specificity of the assays (and different
assay endpoints) with an eye toward perhaps funding
research to fill in knowledge gaps to improve scientific
confidence when using these assays as alternatives to the
traditional in vivo test systems.

In addition, we could use the dashboard to consider
the types and ranges of modes or mechanisms of action
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that have been evaluated to date, to help elucidate
response patterns exhibited by specific modes/
mechanisms compared to response patterns exhibited by
chemicals acting via systemic toxicity and not specific
modes or mechanisms, since a large number of consumer
and commodity chemicals elicit effects as a consequence
of overwhelming homeostatic pathways (e.g., high-dose
nonspecific responses). Such an evaluation may reveal a
need to support further research to expand the zebrafish
assay empirical data set to improve interpretation of the
nature and magnitude of endpoint responses and the
types of dose-response profiles produced under in vitro
exposure conditions that mimic systemic toxicity.
Another use of the dashboard could be to support AOP
development as specific mechanisms of action are
characterized.

Although not the exact focus of this exercise, our eval-
uation of the dashboard led us to ask, given that the zeb-
rafish models encompass the majority of developmental
toxicity NAMs research publications gathered in this
activity, how would one calculate a human-equivalent
dose from a point of departure derived from a zebrafish
experiment? For human health risk-based decision-mak-
ing, IVIVE methodologies to convert in vitro results to
human-equivalent doses have been instrumental for com-
paring in vitro results to human exposure predictions to
enable risk-based prioritization and decision-making.
Theoretically, an IVIVE approach could be developed by
linking a PBPK model of the zebrafish embryo in vitro
system to a human in the utero PBPK model.

However, even if dose extrapolation is possible from
the in vitro zebrafish developmental toxicity NAM to
derive a human-equivalent dose, from a species extrapo-
lation perspective, is the developmental ontology in the
zebrafish model sufficiently comparable to the mamma-
lian developmental ontology to confidently support cross-
species extrapolation? This question also arose from dis-
cussions stimulated by review and querying of the dash-
board. In addition to empirical studies (Jarque
et al., 2020), research highly relevant to this question is
focused on constructing a developmental ontology to
describe the pathways and processes critical to embryonic
development in a manner that would permit analyzing
and linking chemically induced responses in specific
pathways and physiological processes to adverse out-
comes (Heusinkveld et al., 2021; Staal, Pennings, Hes-
sel, & Piersma, 2017).

4 | CONCLUSIONS

In the past, activities focused on identifying potential
research program priorities for the ACC LRI typically
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relied on literature reviews or summaries prepared by
one or more experts. While there is considerable utility in
this approach, it can also be impacted by conscious or
unconscious bias in selecting and analyzing existing
knowledge. Based on our familiarity with how
systematic-review methods have been applied in toxicity
risk evaluations, once we decided to examine the field of
developmental toxicity NAMs to better understand the
trajectory and current status of assay development, we
used a set of systematic-review technologies to develop a
scoping report, reference prioritization, and data visuali-
zation techniques to create the developmental toxicity
NAMs research dashboard. The dashboard provides an
interactive tool that can be queried in a variety of fash-
ions to provide both overviews and details of many differ-
ent facets of developmental toxicity NAMs.

The dashboard is not a static work product. We
intend to continue to update the literature search, refer-
ence prioritization procedures, and dashboard fields
through at least December 2023. By making the dash-
board publicly available, we hope others will explore its
use for their purposes. While the systematic literature
review methodologies that were employed to develop the
dashboard serve to increase transparency, promote objec-
tivity, and enhance reproducibility, the processes and
procedures are still a human enterprise and as such are
imperfect. Thus, the dashboard needs to be viewed as a
living resource, which can evolve and improve over time.
To ensure that the dashboard is representative of current
developmental toxicity NAMs research, a literature
update will be conducted every year at least through 2023
(see Supplemental materials). Users of the dashboard are
also encouraged, via an online comment form contained
in the dashboard, to provide comments and corrections,
suggest additional search terms, provide additional data,
and so forth for consideration in the dashboard updates.
We are hopeful that the broader developmental toxicity
NAM community will see the utility of this approach,
evaluate the dashboard, and provide comments and sug-
gestions that will improve this tool over the next few
years. Importantly, we anticipate and encourage sugges-
tions to improve the coverage of the complexity of devel-
opmental processes, and suggestions to add NAMs and
biological pathways important for developmental toxicity
that might have been missed in developing this initial
version of the dashboard.
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